dimensions). AE1 cell reconstructions from the cat lung based on tedious serial sectioning transmission EM have been described in the past (3), but, to the authors' knowledge, in the human lung such an attempt has not yet been reported.
With the new volume EM techniques, like serial block face scanning electron microscopy (SBF-SEM), new devices for three-dimensional (3D) reconstructions based on automated serial sectioning of tissue blocks and scanning their surfaces in between have become available (4) .
The aim of this study was to extend current knowledge about human AE1 cell morphology by 3D reconstructions using SBF-SEM. This knowledge provides an essential basis for a better understanding of alveolar epithelial development, maintenance, and repair.
Methods and results of this study have been reported previously in the form of abstracts (5, 6 ).
Methods
A sample of a human lung fixed via endotracheal instillation of 2.5% buffered glutaraldehyde in context of previous studies (7, 8) Figure 2 . Top: On the left side, the electron microscopic (EM) images 348, 396, and 444 of the data set including the segmentation of the blue cell and its nucleus (pink) are shown. The z-distance between the images is given in black text boxes (348-396: 3.84 mm; 396-444: 3.84 mm). Images 348 and 444 suggest two different alveolar epithelial type 1 (AE1) cells with their own nucleus on either side of the septum. However, the three-dimensional (3D) information gained from sequential images in between reveals that the nucleus and surrounding cell profiles on images 348 and 444 belong to one and the same AE1 cell that crosses the entire alveolar wall with its cell body (image 396), thus giving rise to two apical surfaces. On the right side, the transparent model of the cell is shown. The transparency enables the visualization of the nucleus (pink). The positions of the EM images 348, 396, and 444 are indicated by black section planes. The 3D information and the resulting model reveal that this cell serves both sides of the alveolar wall with two apical surfaces. However, the majority of the cell is found on one side of the septum, whereas it is only the nucleus-containing cell body and a very small, thin portion that contribute to the epithelial lining of the other side. Scale bars: 5 mm. Bottom: On the left side, the EM images 676, 685, and 720 of the data set, including the segmentation of the yellow cell, its nucleus (red), and the indications of lateral luminal cell borders (black/pink circles/arrowheads) are shown. The z-distance between the images is given in black text boxes (676-685: 0.72 mm; 685-720: 2.80 mm). The 3D information gained from consecutive images reveals which of the different epithelial profiles on each single EM image belong to the yellow AE1 cell (yellow cell segmentations, nucleus segmented in red). The lateral luminal cell border of the cell was delineated in 3D by following and marking the lateral luminal edges of the profiles by black and pink circles on the EM images (arrowheads in the same color; see below). The 3D information reveals that this AE1 cell is capable of making cell junctions with itself by different cell portions meeting and contacting each other. The sites of "self-contact" are indicated by pink circles (pink arrowheads) and cannot be identified as such by investigating the single images 676, 685, and 720 alone. However, following the cell in 3D reveals which profiles belong to the same cell (for example, the two nonnucleated cell profiles in the interalveolar pore and lower side of the septum on image 676 and the largest cell profile on image 720). The lateral luminal cell borders of cell portions contacting other epithelial cells are indicated by black circles (black arrowheads). The EM images show two pores of Kohn, a larger pore of Kohn in the right half of images 685 and 720 (gap in the septal wall, #) and a smaller pore in the left half of images 676, 685, and 720. The course of the smaller pore through the septum is indicated by arrows. At the edge of the larger pore, the yellow AE1 cell crosses to the other side of the septum (center of image 676, *). On the right side, the 3D model of the yellow cell is shown in the context of the alveolar capillary network, which was modeled by segmenting its lumen (gray, transparent). The delineation of the lateral luminal cell borders in 3D resulted in one single closed contour demonstrating that, despite the overall complexity of this cell, the cell has only one apical surface. The lateral luminal cell border contacting other epithelial cells is indicated by black contour segments and the lateral luminal cell border contacting other parts of the same cell is indicated by pink contour segments. The circles on the EM images can be regarded as transects through the lateral luminal cell border contour in 3D. As demonstrated by the 3D model, these "self-contacts" between different portions of the same cell enable this cell to envelope a capillary segment and to encircle a pore of Kohn completely. Scale bars: 5 mm.
according to an adapted protocol from Deerinck and colleagues (9), including reduced osmium tetroxide (OsO 4 ), thiocarbohydrazide, OsO 4 (rOTO protocol), uranyl acetate, and Walton's lead aspartate and embedded in Durcupan (Sigma-Aldrich Chemie GmbH). A trimmed specimen was scanned and sectioned with a Zeiss Merlin VP Compact (Zeiss) equipped with Gatan 3View (Gatan Inc.) to generate an image stack of 2,046 images (6,144 3 6,144 pixels 2 ; pixel size: 18.5 nm; section thickness: 80 nm). A substack of 901 images (comprising 110 3 105 3 72 mm 3 ) was converted to eight bit, inverted, cropped, aligned, and compressed in Fiji (10) . Twenty-eight images were removed and replaced by preceding or following images because of artifacts that might interfere with alignment. The edited data set was imported into 3dmod (part of the iMOD package [11] ), and AE1 cells, their nuclei, and the lumen of the alveolar capillary network (ACN) were segmented manually by delineating their profiles on the EM images. In general, segmentation intervals were chosen according to the complexity of structures (normally: ACN: every 16th or eighth image; blue AE1 cell: every second image; gold AE1 cell: every 16th up to consecutive images; yellow AE1 cell: every eighth up to consecutive images; nuclei: normally, every fourth [blue cell] or eighth image and poles). AE1 cells were segmented by tracing the electron-dense plasma membrane. Identification of relevant structures and their interpretation was supported by the uncompressed data set, including the application of filters, new alignments, etc., and the 3D information from consecutive images. On the basis of 2,323 contours, 3D models were generated.
Results
The edited data set comprises 831,600 mm 3 of a human alveolar region with interalveolar septa and air spaces. Figure 1 shows the resulting 3D models. The ACN shows regions with a denser or coarser mesh. The alveolar surface formed by the cytoplasmic extensions of AE1 cells shows a relief caused by the ACN beneath, indicating their intimate contact and the thin blood-gas barrier.
Three entire AE1 cells were reconstructed. The blue and gold cells form rather vast, almost quadrangular scales, whereas the yellow cell forms several processes spreading out into different directions, forming a propeller-like structure. The cell nuclei are located more or less eccentrically. The gold AE1 cell is primarily restricted to one side of the interalveolar septum but participates in the formation of an interalveolar pore. The yellow and blue cells also line pores, but both clearly contribute to the lining of both sides of the septum. Their routes to the other side are totally different: the yellow cell reaches the other side via interalveolar pores, whereas the blue cell crosses the septum with its entire cell body containing the nucleus (Figure 2) . However, the majority of this cell is found on one side of the septum, and only the cell body and a very small, thin portion contribute to the lining of the other side. The data set reveals that AE1 cells are able to make cell junctions with themselves: the gold cell encircles an AE2 cell and the yellow cell encircles a capillary segment and a pore completely (Figure 2) . The cell junctions help to seal the epithelial ring. According to Crapo and colleagues (8) the mean AE1 cell volume in this lung was 1,996 mm 3 , and the mean basement membrane surface covered 4,053 mm 2 . The cells presented here are smaller.
Discussion
It was EM that proved the existence of a continuous epithelial lining on the alveolar septa, demonstrated the morphological complexity of AE1 cells, and revealed the mystery of Kölliker's "nonnucleated plates" (1, 2) . With the advent of SBF-SEM, EM imaging of the alveolar epithelium has reached a new level, because SBF-SEM enables the automated image acquisition of rather large volumes with EM resolution (4), which is the prerequisite for reconstructing AE1 cells. Here we provide human AE1 cell reconstructions on the basis of SBF-SEM. Reconstructions unveiled the great morphological diversity of AE1 cells, their ability to make cell junctions with themselves, and that entire AE1 cell bodies can span through the alveolar wall. The results demonstrate the value of SBF-SEM in lung research and indicate a spatial complexity of AE1 cells that is relevant for plasticity during alveolar epithelial development, maintenance, and repair.
Video: Human Alveolar Epithelial Type I Cells in Three Dimensions
A video is available on the ATS YouTube page at the following URL: https://youtu.be/-iKowVFGKgY. The video shows the edited SBF-SEM data set of a human lung sample, segmentations of the three AE1 cells (blue, gold, and yellow), their nuclei (red), and the lumen of the ACN (gray), as well as rotating 3D models.
The video shows, one after another:
d The EM dataset back and forth. d The EM dataset, including the segmentations back and forth. d The stack of contours in three dimensions.
d Rotating 3D models. Intermittent transparency of the models enables the visualization of the cell nuclei (red or pink) or focusing on certain objects.
The images for the video were acquired with 3dmod of the IMOD package (11) and assembled in Fiji (10) . n Author disclosures are available with the text of this letter at www.atsjournals.org.
Home-based Forced Oscillation Technique Day-to-Day Variability in Pediatric Asthma
To the Editor:
Objective monitoring tools are urgently required to address the large healthcare burden of asthma, the most common chronic respiratory condition among children in the developed world, with 300 million sufferers worldwide and significant ongoing morbidity and mortality (1) . Attempts to reduce ongoing exacerbation risks with early use of increased inhaled corticosteroids have been unsuccessful, resulting in a call to better understand the nature of asthma exacerbations (2) . Day-to-day variability in peak expiratory flow (3-5) has provided insight into the physiological behavior of asthma in adults but is of limited use in pediatric asthma owing to its effort-dependent nature. A more practical and clinically informative signal of lung function variability is needed to capture the degree of variable airflow obstruction present, which, in addition to airway hyperresponsiveness, is a fundamental physiological characteristic of asthma.
The forced oscillation technique (FOT) is an effort-independent tidal breathing test of lung mechanics that is highly feasible in pediatric patients. Respiratory system resistance (Rrs) reflects airway caliber, and reactance (Xrs) reflects lung stiffness and is sensitive to heterogeneity of airway narrowing and closure. Using physician-supervised FOT measurements over a 1-week period, we demonstrated increased dayto-day variability of FOT indices in patients with asthma versus healthy control subjects, and an ability to differentiate asthma severity and symptom control (6), both of which were missed by peak expiratory flow variability and FEV 1 . In ongoing prospective observational work, we are exploring the longer-term relationships between home-based, parent-supervised daily FOT measurements over 4 months with asthma control and the ability of these measurements to predict future asthma exacerbations. Here we present illustrative cases highlighting the potential of this approach to better characterize asthma exacerbations and detect changes in asthma control.
Methods
Enrollment for this study targeted children 8-18 years of age with physician-diagnosed persistent asthma and two or more exacerbations in the preceding 12 months. After appropriate training, a commercial FOT device (tremoFlo; Thorasys Ltd.) was installed in each subject's home for daily FOT measurements Supported by the Sydney Medical School Foundation, the Ross Trust, and the Asthma Foundation. Thorasys Ltd. (the manufacturer of the commercial device used in this study) provided forced oscillation technique devices and technical support in kind for the duration of the study, and Adherium Ltd. (the manufacturer of the electronic compliance monitoring device for the inhaled asthma medication used in this study) provided technical support in kind for the duration of the study.
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